and DD were vertical loop reactor activated sludge process and activated sludge with nutrients removal, respectively. Thus, these processes seem to be good for BPA degradation.
INTRODUCTION
Bisphenol A (BPA) is included among the chemicals identified as potential endocrine disruptors (Carlisle et al. ) . BPA is an organic compound used in industrial applications to make hard and clear plastics in the primary production of polycarbonate plastics and epoxy resins, flame-retardants, and other specialty products worldwide. It can be found in many consumer products such as baby milk bottles, reusable beverage bottles, plates, mugs and food storage containers (Le et al. ; BCUK ) . Because of its large scale production and widespread usage, BPA is released into the environment through air, land, and water during manufacturing, processing, and leaching from endof-life treatment. In water environments, BPA is released through: sewage treatment effluent (via human-ingested BPA being eliminated into sewage); landfill leachate (via hydrolysis of BPA from plastics); or natural degradation of polycarbonate plastics (Staples et al. ; Fürhacker et al. ; Kang et al. ) . The human exposure to BPA is usually from food and liquid storage containers as BPA can leach from polycarbonate plastic when exposed to heat. Some studies have reported that exposure of adults in the USA to BPA is likely to occur from multiple sources (Thompson et al. ) .
There has always been some controversy about the toxicity and harmful effects of BPA. Industry groups including manufacturers and users of BPA have claimed it is safe, while many environmental groups suggest it causes adverse health effects in humans (Ashartus ). Several articles and risk assessment reports have summarized the environmental behavior of BPA (Thompson et al. ; USEPA ) .
Human exposure to BPA and its harmful effects have been reported through published human bio-monitoring studies during the past few years. Most of the earlier laboratory experiments were carried out on animals especially on rodents. Exposing pregnant mice to small amounts of BPA (2 μg/kg/day) resulted in significantly larger prostates in male offspring compared to controls. This dose was 25,000 times lower than the toxic threshold set by the United States Environmental Protection Agency (USEPA ). Interest and concern about the health effects of BPA started to increase following reports that the health effects seen in exposed animals are also on the rise in humans. These include breast and prostate cancer, regional decline in sperm counts, abnormal penile/urethra development in males, early sexual maturation in females, increasing neurobehavioral problems, increasing prevalence of obesity and type 2 diabetes, and immune system effects. Recent work has shown a significant relationship between urine levels of BPA and cardiovascular disease, type 2 diabetes and abnormalities in liver enzymes. One study also reported that the half-life of BPA is longer than previously estimated, and the very high exposure of premature infants in neonatal intensive-care units to both BPA and phthalates is of great concern (Thompson et al. ) .
The expected mechanism for removal of BPA from aquatic and terrestrial environments is biodegradation. Several studies have been reported about BPA treatment by wastewater treatment plants (WWTPs) with varying removal efficiencies of up to 80% (Weltin et al. ; BallesterosGómez et al. ) . Laboratory and pilot investigations show that BPA is biodegradable in activated sludge systems that are operated over a range of solids retention times. Biodegradation appeared to be the dominant removal mechanism, although some losses may occur because of adsorption onto biomass (Melcer & Klecka ) . In a very recent study to investigate parameters affecting BPA occurrence, removal, and fate in 25 WWTPs, lagoons, chemically assisted primary treatment, secondary treatment, and advanced treatment processes were included. Median removal efficiencies ranged from 1 to 77%. The biological aerated filter and membrane bioreactor processes showed the best performance, while chemically assisted primary treatment achieved the lowest removal (Guerra et al. ) . The present study investigated the occurrence and fate of BPA in five selected WWTPs in the Bangkok region.
METHODS

Site selection and sampling
At present, there are a total of seven municipal WWTPs operated by the Bangkok Metropolitan Administration (BMA) in and around Bangkok, Thailand. The five fullscale WWTTPs selected for this study are: Rattanakosin (RK), Chong Non Si (CN), Din Daeng (DD), Nong Khaem (NK), and Thungkru (TK). Locations and characteristics of the WWTPs are shown in Figure 1 and Table 1 . Influent samples were collected just after the screen bar, and effluent samples were collected immediately before the WWTP outfall.
Grab samples were collected in three separate events (October 2013 , December 2013 , and February 2014 . For BPA determination, amber glass sampling bottles (500 mL) 2008; 2012) .
were used; they were pre-rinsed several times in the laboratory with DI water, methanol and Milli-Q water, and were rinsed again with wastewater to be sampled on site. Plastic bottles (1.5 L) were used for the analyses for other parameters. Samples were immediately kept in an insulated ice box and brought to the laboratory within 8 h, and stored in a refrigerator (4 W C) until analysis. Analyses were carried out and completed within a week of sampling.
Samples preparation and analyses
Glass microfiber filter papers (Whatman, GF/B, 1.0 μm, Adelaide Co., Thailand) were used to filter the samples (500 mL) prior to solid-phase extraction using vacuum manifolds coupled with 6 cm 3 , 500 mg, OASIS HLB cartridges (Waters-Millford, MA, USA). The cartridges were conditioned with 10 mL of acetone, 10 mL of methanol, and 10 mL of Milli-Q water (þ1% formic acid) in sequence. The flow rate in the equipment was maintained at approximately 3 mL/min. The cartridge washing was done twice with 6 mL of Milli-Q water at 5 min intervals. Subsequently, the cartridges were allowed to dry under vacuum suction for 45 min. To extract BPA, the cartridges were rinsed with 2 mL of methanol (þ1% formic acid) three times at 5 min intervals. A total of 6 mL of the eluted fractions were collected in brown glass tubes and then evaporated under nitrogen gas. The dried residues were dissolved in 0.5 mL of methanol and transferred to amber vials for high performance liquid chromatography (HPLC) analysis. Concentrated samples from the above procedure were injected (injection volume À 25 μL) into the HPLC for BPA measurement (Hu et al. ) .
HPLC
All wastewater samples were analyzed by HPLC (Shimadzu model LC-20AB, Kyoto, Japan) equipped with a fluorescence detector (Shimadzu model RF-20A, Kyoto, Japan), and a C18 reversed-phase column (Luna 5 μ, 250 mm × 4.6 mm, Phenomenex, Torrance, CA, USA). The column oven temperature was held at 30 W C and fluorescence detection was carried out using 228 nm as the excitation and 313 nm as the emission wavelengths (Chong et al. ) . The 60% of acetonitrile and the 40% of Milli-Q water were used as mobile phases. A calibration curve was obtained for the prepared external standards with concentrations in the range 10-5,000 μg/Land used to validate the method. The limit of detection (LOD) and limit of quantification (LOQ) were defined as the concentrations with a signal-tonoise ratio of 3 and 10, respectively. The observed LOD and LOQ were 1.3 μg/L and 4.2 μg/L, respectively. The coefficient of determination (R 2 ) between the area under the peak of HPLC and BPA concentrations was found to be 0.9995. The accuracy and precision were tested by repeating the analysis using Milli-Q water spiked with BPA concentrations at 50 ng/L. Four spiked water samples were analyzed independently by the HPLC with fluorescence detector. The percentage recovery of BPA was between 89.5 and 114.6% with relative standard deviation of repeatability (% RSDr) of 5.5%.
Statistical analysis
Three samples were taken from each of the influents and effluents of all WWTPs. There were three replications of BPA analysis for each sample in all sampling events. The experimental data were analyzed using two-way analysis of variance (ANOVA) with replication to find the difference in BPA concentrations due to the type of WWTPs and the time of sampling events. The null hypothesis was that there is no statistically significant difference (p 0.05) among BPA concentrations for different types of plants and sampling event timings. The relationships between the measured water quality parameters and BPA concentrations were evaluated by correlation analysis.
RESULTS AND DISCUSSION
BPA concentrations in influent in WWTPs
The concentrations of BPA in the influents and effluents of five WWTPs in Bangkok during the three sampling events (October, December 2013, and February 2014) are summarized in Figure 2 . The influent BPA concentrations in the five WWTPs ranged between 128.5 and 606 ng/L. The highest influent BPA concentration observed in this study appears to be similar to the levels reported for Canadian WWTP influents (590 ng/L), but much lower than the highest observed BPA levels in some other countries such as 1,700 ng/L in untreated sewage in the USA, 1,500 ng/L in sewage treatment plant influent 
BPA concentrations in effluent and removal efficiencies in WWTPs
The effluent BPA concentrations of most of the five WWTPs in three sampling events were lower than the influent levels, even though these WWTPs are not designed to remove BPA from wastewater. The effluent BPA concentrations in the five WWTPs ranged between 38.7 and 270.5 ng/L. The maximum measured effluent BPA concentrations in WWTPs for some countries have been reported to be 270 ng/L in Spain, 46 ng/L in UK, 700 ng/L in Germany, 490 ng/L in Sweden and 5 ng/L in Italy (Crain et al. ; Flint et al. ) . The BPA concentrations in effluent were lowest during the first two sampling events at TK and in the last sampling event at DD. In October 2013, the highest BPA removal efficiency was observed at TK (80.4%) followed by NK (77.7%) and DD (48.6%). The top three BPA influent concentrations were also found at these WWTPs. However, NK had the highest influent BPA levels followed by TK and DD. Removal efficiencies of five WWTPs for the other measured parameters ranged between 7.1% (TK) and 12.3% (NK) for total solids (TS); 13.2% (CN) and 93.6% (NK) for total suspended solids (TSS); 1.9% (RK) and 21.6% (NK) for total dissolved solids (TDS); and between 81.3% (CN) and 98.2% (RK) for 5-day biochemical oxygen demand (BOD 5 ). Apart from CN, all other WWTPs had high BOD 5 removal efficiency ranging between 92.5 and 98.2%. Based on the results of this sampling event, it was observed that WWTPs with high TSS, TDS and BOD 5 removal efficiency also had high BPA removal efficiency.
During the December 2013 sampling, the BPA removal efficiencies of RK, NK, DD, CN, and TK were 55.0%, 64.9%, 70.7%, 73.2%, and 90.7%, respectively. The removal efficiencies of five WWTPs for the other measured parameters varied widely, ranging between 1.4% (NK) and 15.0% (CN) for TS; 2.3% (TK) and 86.6% (NK) for TSS; 3.0% (NK) and 16.5% (CN) for TDS; and between 84.9% (DD) and 94.0% (TK) for BOD 5 . CN had the highest removal of TS and TDS. TK had the highest BOD 5 removal efficiency, as well as the highest efficiency for BPA removal. Thus, BPA removal efficiency once again seemed to be related to BOD 5 removal efficiency.
In October 2013, the BPA removal efficiencies of CN, RK, TK, NK, and DD were 35.5%, 65.0%, 69.2%, 69.3%, and 91.8%, respectively. Thus, the highest BPA removal efficiency was found at DD (91.8%) and followed by NK (69.3%) and TK (69.2%). The highest BPA influent concentration during this event was found at DD followed by NK and TK. It was also observed that, similar to the two previous sampling events, these WWTPs had the top three BPA influent levels as well as the three highest BPA removal efficiencies. The treatment process employed at TK and NK was a vertical loop reactor activated sludge process while DD had an activated sludge process with nutrients removal. Thus, these processes are apparently good for BPA degradation.
The removal efficiencies of five WWTPs in terms of the conventional parameters in this event were lower than in October and December 2013 ranging between 0.2% (CN) and 25.3% (RK) for TS, 4.8% (CN) and 76.8% (NK) for TSS, 1.9% (NK) and 26.5% (RK) for TDS, and between 81.2% (CN) and 90.7% (RK) for BOD 5 . RK had the highest removal of TS, TDS and BOD 5 . NK had the highest TSS removal efficiency. It was observed during this sampling event that WWTP with high TSS removal efficiency also had high BPA removal efficiency.
Statistical analysis of BPA levels and concentrations of conventional parameters
Based on the two-way ANOVA for BPA concentrations in influent, the values of the F-statistic were found to be 3.87 and 7.09 for sampling events and WWTPs, respectively. These values exceeded the critical F values of 3.32 and 2.69 for sampling events and WWTPs, respectively (p .05). Therefore, it implies the need to reject the null hypothesis for no significant differences in influent BPA concentrations. Hence, there are statistically significant differences in influent BPA concentrations for different WWTP type (size, location, population served, processes, etc.) as well as for different sampling events.
The results of ANOVA for BPA concentrations in effluent indicated the values of the F-statistic to be 21.72 and 1.17 for sampling events and WWTPs, respectively (p 0.05). The critical F values were 3.32 and 2.69 for sampling events and WWTPs, respectively. Thus, an F-statistic higher than the F-critical values indicated statistically significant difference in effluent BPA concentrations during the three sampling events. Conversely, differences in effluent BPA concentrations of the five WWTPs are not statistically significant as indicated by the lower F-statistic and the null hypothesis.
The correlation between the BPA levels and the concentrations of conventional parameters in the effluent in each sampling event (Table 2) indicated that during the October 
CONCLUSIONS
Levels of BPA observed in the WWTPs in this study were similar to those reported in Canada but much lower than observed in some other countries. Based on the ANOVA, BPA concentrations in the influents appeared to vary with the locations of the WWTPs and the season of the year. Moreover, it was observed that WWTPs with high TSS and BOD 5 removal efficiency also had high BPA removal efficiency. The three highest BPA concentrations in the influent were found at DD, NK and TK. These WWTPs also had high BPA removal efficiencies. The treatment processes employed at these WWTPs seem to be adequate for BPA degradation. In view of the BPA concentrations in the influent and effluent at the WWTPs observed in this study, wastewater effluents containing BPA could be a source of pollution in receiving water bodies leading to contaminated aquatic organisms. Consequently, there might be a potential risk of exceeding the tolerable daily intake limit of BPA (0.05 mg/kg body weight/day) (EFSA ) and bioaccumulation for people living in Thailand through consumption of aquatic organisms contaminated with BPA. Moreover, the BPA from human digestion will ultimately be released into wastewater. This would be a contributing source of BPA concentration in influent wastewater, thus leading to the continuation of a vicious circle.
